Background: Global cerebral blood flow (CBF), as a measure of cerebral perfusion, can be noninvasively studied using Doppler sonography. Chronic heart failure (CHF) increases the risk of stroke and dementia. One of the possible causes may be cerebral hypoperfusion in CHF patients. Therefore, we aimed to investigate the relationship between CBF and CHF severity. Methods: The study was performed in 76 ischemic or idiopathic dilatative cardiomyopathy patients, left ventricular ejection fraction (LVEF) < 40%, with no clinical evidence of decompensation and 20 healthy volunteers. Each CHF patient was categorized according to the New NYHA criteria. All patients underwent Doppler echocardiography examination (GE Vivid 7). The LVEF was quantified using the Simpson method. CBF was estimated by a 7.0-MHz linear transducer of a computed sonography system (Toshiba Power vision 6000). CBF volume was determined as the sum of the flow volumes of the ICA and the VA of both sides. Results: Atrial fibrillation was noted in 30%, left bundle branch block in 26%, while pacemaker was implanted in 9% of patients with CHF. History of myocardial infarction was presented in 64% of patients. No differences in age, waist/hip ratio, body mass index and lipid profile were found between CHF patients and healthy subjects. CBF was calculated in 71 of 76 patients. Three patients had occlusion of ICA, while VA was occluded in another two patients. Others did not have a hemodynamically significant ICA and VA stenosis. CBF volume was decreased in CHF patients, (677 ± 170) according to control (783 ± 128). Conclusion: Our results of noninvasive sonographic measurement of CBF according to LVEF and NYHA criteria, suggest on significantly reduced CBF in CHF patients.
Introduction
Brain dysfunction associated with structural brain changes, are the important but under-recognised complication of chronic heart failure (CHF) [1] [2] [3] . In addition, CHF increases the risk of dementia and Alzheimer disease in later life [4] . One of the possible causes may be cerebral hypoperfusion secondary to low cardiac output in patients with CHF apart from biohumoral, clinical, socio-demographic and other potentially relevant factors [5, 6] . Cerebral blood flow (CBF), as a measure of cerebral perfusion, can be noninvasively studied by flow volume measurements in extracranial cerebral arteries using Doppler and duplex methods [7] . Relationship of CBF to different markers of heart failure severity was only modestly presented in previous papers. Therefore, we aimed to investigate the relationship between CBF and CHF severity as well as to evaluate its determinants among different parameters of cardiac dysfunction.
Methods

Study design
Based on reviewed medical history archives on the baseline visit we screened 152 males aged 55 years and above with CHF due to ischemic or idiopathic dilated cardiomyopathy. Following the baseline visit 76 patients were selected all of whom met the study inclusion criteria. Inclusion criteria were as follows: duration of CHF for longer than 1 year; echocardiographically assessed left ventricular ejection fraction (LVEF) < 40%; etiology of CHF: ischemic or idiopathic dilated cardiomyopathy; NYHA functional class II and III; unchanged medication regimen within the previous 6 weeks; clinically stable condition with no clinical evidence of decompensate heart failure, such as raised jugular venous pressure, ascites, hepatomegaly. Exclusion criteria were as follows: diabetes mellitus determined by either self reported histories or evidence within the hospital case notes; primary lung disease including chronic obstructive pulmonary disease; musculoskeletal diseases; uncontrolled hypertension of more than 170/110 mmHg; myocardial infarction or unstable angina within previous 3 months; acute or chronic infection, inflammatory diseases such as sepsis, arthritis or systemic connective tissue disease; symptomatic peripheral vascular disease; alcohol abuse; serum creatinine 200 mmol/l; valvular cardiomyopathy or artificial heart valve; malignant disease, significant liver, thyroid, suprarenal gland or pituitary disease; cardiac cachexia defined as unintentional weight loss of 7.5% body weight over 6 months [8] . Finally, we included 71 patients because 3 patients were characterised by occlusion of internal carotid artery, while vertebral artery was not visualised in 2 patients.
The control group consisted of 20 healthy male volunteers aged 55 years and above, who did not take medications. No previous medical illness was reported (including diabetes or any other cardiovascular disease).
Clinical, cardiovascular and carotid color duplex sonography assessment
After the patient gave his written consent, the medical history was reviewed, including the cause of heart failure, comorbidities and medical history. Each patient with CHF was categorised according to the New York Heart Association (NYHA) criteria [9] . A physical exam was performed to assess CHF stability. The 6-min walk test was performed according to the standard protocol [10] .
All patients underwent a two-dimensional Doppler echocardiography examination (GE Vivid 7). Systolic function was quantified by measurement of LVEF using the Simpson method. We also measured left ventricular end-diastolic diameter (LVEDD), right ventricular systolic pressure (RVSP) and left atrial volume (LAV) according to the ASE recommendation [11] .
During an initial 20 min of rest with the subjects in a supine position, the extracranial arteries, i.e., the common carotid arteries, internal carotid arteries (ICA) and the vertebral arteries (VA) of both sides were explored with a 7.0 MHz linear transducer of a computed sonography system (Toshiba PowerVision 6000). The examination followed a previously described protocol [7] . CBF volume was determined as the sum of the flow volumes of the ICA and the VA of both sides. Resistance index, as a measure of cerebrovascular resistance, was calculated as follows: (peak systolic velocity end diastolic velocity)/peak systolic velocity [12] . Included subjects did not have hemodynamically significant stenosis of the common carotid artery, ICA and VA. The peak systolic velocity value averaged from both ICA and VA was used, as well. Intima-media thickness was measured on the far wall of the right and left common carotid artery, the carotid bulb, and the ICA [13] . The carotid intima-media thickness was defined as the mean of intima-media thickness measurements at these six sites.
Quality of life was estimated from The 'Minnesota -Living with Heart Failure Questionnaire' [14] . The Tei index is defined as the sum of isovolumic contraction and relaxation time divided by the ejection time. This index is a sensitive indicator of overall cardiac dysfunction in patients with mild-to-moderate CHF [15] .
Statistical analysis
Descriptive statistics were presented as mean values with standard deviation or median with interquartile range for numeric variables, or as absolute numbers with percentages for categorical variables. Evaluation of normality was performed with Kolmogorov-Smirnov test. Student t-test was used to calculate differences between mean values. Mann-Whitney U-test was used to determine differences between median values. The Pearson coefficient was used for measuring linear correlation between variables. Partial correlation analysis was performed to adjust for age and body mass index. Finally, since variables are inter-related, multivariate regression analysis, backward method, was performed to assess the independent variables that may explain CBF. A p value 50.05 was considered to indicate statistical significance. Statistical analysis was performed using the SPSS software for Windows, version 15 (SPSS, Inc., Chicago, IL).
Results
Basic characteristics of CHF patients and healthy subjects
The basic clinical and biohumoral parameters of studied subjects are shown in Table 1 . Atrial fibrillation was noted in 31%, left bundle branch block in 25%, while pacemaker was implanted in 9% of patients with CHF. History of myocardial infarction was presented in 63% of patients. Angiotensinconverting enzyme inhibitors were presented in 80% of patients, 75% were on b-blockers, 80% of patients were on loop diuretics, 55% were on spironolactone, 65% were on aspirin and 27% on statins. No differences in age, waist/hip ratio, body mass index and lipid profile were found between patients with CHF and healthy subjects.
Color duplex sonography of neck arteries and echocardiogaphic measurements
Color duplex sonography of neck arteries and echocardiogaphic measurements in studied subjects are presented in Table 1 . CBF was decreased in patients with CHF, while there was no difference in resistance index between studied groups. CBF decreased according to NYHA class (p < 0.0001), with those in NYHA class III having level of CBF 542 ± 104 ml/min that was 25% lower than CBF in NYHA class II patients (719 ± 166 ml/min). Carotid intima-media thickness was significantly greater in patients with CHF compared to healthy controls. Echocardiographic variables of systolic and diastolic function were impaired in patients with CHF. CBF in patients with CHF was positively correlated with decreased LVEF (Fig. 1 ).
Fig. 1
Scatter plots of the association between CBF and LVEF in elderly patients with CHF. CBF = cerebral blood flow; LVEF = left ventricular ejection fraction. 
Multivariate regression analysis
Multivariate regression analysis with backward model was used to asses the independent variables that may affect CBF ( Table 2 ). The independent variables entered in the model were: age, body mass index, mean blood pressure, quality of life score, 6-min walk distance, LVEF and Tei index. LVEF was independently associated with reduced CBF in patients with CHF.
Discussion
The objective of this study was to investigate the association of CBF with different parameters of heart failure severity in elderly males. The major observations in this study are that: (1) elderly men with CHF demonstrated reduced CBF compared to healthy controls; (2) reduced CBF was also associated with deteriorated physical performance capacity (6-min walk distance), impaired quality of life, and pulmonary hypertension; (4) clinically more advanced CHF, expressed as NYHA class, was related to greater reduction of CBF. In this study, CBF was significantly reduced by 14% in elderly patients with CHF compared to healthy controls. Similarly, Choi et al. [16] have shown that global CBF (measured by radionuclide angiography) was decreased by approximately 19% in patients with CHF compared with normal controls. Patients with heart failure showed damage to multiple brain regions that play significant roles in autonomic nervous system control and cognitive function including mood regulation, memory processing, pain and language [3] . One of the major factors that may lead to cognitive impairment is cerebral hypoperfusion demonstrated in our as well as in previous studies [17] . CBF is regulated by perfusion pressure and vascular resistance. The autoregulation of blood flow over a wide range of perfusion pressures is one of the characteristics of brain circulation. Compensatory mechanisms maintain perfusion to vital organs, such as brain in response to the progressive reduction of cardiac output. One of the chronic adaptations of the circulatory system is peripheral vasoconstriction which may be provoked by the heart failure-induced activation of neurohormonal systems [18] . In agreement with our results, cerebral vascular resistance, expressed by resistance index, was not elevated in patients with mild-to-moderate CHF compared to healthy controls [19] . Therefore, decreased perfusion pressure as a consequence of reduced systolic left ventricular function in patients with CHF may be marked as principal factor of reduced CBF. Low LVEF was the independent determinant of impaired CBF in our patients with CHF. Thus, it can be speculated that cerebral hypoperfusion due to left ventricular systolic dysfunction may contribute to brain injury secondary to low cardiac output. A correlation between cardiac index and intracranial hemodynamics has been reported [20] . However, Eicke et al. [21] showed no correlation between LVEF and CBF supporting the concept that CBF is independent of cardiac output. In addition, Choi et al. [16] showed that CBF was not correlated to LVEF in patients with CHF, suggesting that the LVEF was not a factor determining the degree of breakdown of the autoregulation of CBF. This discrepancy may be explained that in the patients with more severe CHF such as those in the study of Choi et al., factors other than LVEF contributed more to CBF, such as NYHA functional class and neurohormonal activation. Our recent published data presents relation between CBF reduction and neurohormonal activation in CHF patients [22] .
The same study reported an inverse association between CBF with RVSP which is in agreement with our finding. Finally, reduced CBF in our study was significantly associated with impaired physical performance; measured by 6-min walk test contrary to previous data [19] . The 6-min walk test is a safe and simple clinical tool that strongly and independently predicts morbidity and mortality in patients with CHF [23] .
Color duplex volumetric test of the brain-feeding arteries can only yield information about the relative contributions of the anterior and posterior cerebral circulation to global CBF volume. We found a contribution of the VA to global CBF volume of 25% which remained almost constant with increasing age. Previously, it was estimated that the VA contribute 24% of the global CBF volume in healthy subjects [24] . To date, there are no reports on the relative contributions of the anterior and posterior circulation to global CBF volume in patients with CHF. Carotid intima-media thickness was greater in our patients with CHF compared to healthy controls. High carotid intima-media thickness was marked as an independent risk factor for incidence of heart failure requiring hospitalisation [25] . Increased carotid intima-media thickness was shown to be a powerful predictor of coronary and cerebrovascular events, as well [26] . Although both parameters were impaired in our patients, the lack of a link between them suggests that they may represent independent surrogates that measure different pathophysiological aspect of heart failure progression.
The limitation of our study is a relatively small number of studied patients. Our cohort comprised a highly selected CHF sample and is thus less representative of the overall CHF population. The relations between CBF and different variables were examined in a cross-sectional study, which cannot prove a causal relation between these variables. color duplex volumetric examination of the brain feeding extracranial arteries is a highly reproducible and noninvasive technique. The reliability of the method should be confirmed in comparative studies with established radionuclide procedures which is difficult for ethical reasons. However, reduction of CBF in our patients with CHF compared to healthy controls was similar to the value obtained by radionuclide technique. In this study, we did not perform evaluation of mental status or brain imaging. Therefore, we cannot say that reduced CBF was associated with neuropsychiatric or brain morphologic disorders among patients with CHF. Finally, it would be of interest to evaluate the impact of diminished CBF on major clinical outcomes in future studies.
In conclusion, we have shown that CBF was reduced in elderly males with mild to moderate CHF, and was independently associated with factors that represent the severity of CHF. Reduced CBF was associated with impaired physical performance, and deteriorated quality of life, as well. Future studies are now needed to tease out possible association of CBF with cerebral disorders known to be more potentiated in the population with heart failure as well as to investigate the possible underlying mechanisms.
